We performed chromatin immunoprecipitation (ChIP) analyses of developmentally staged solid tissues isolated from wild-type and p53-null mice to determine specific histone N-terminal modifications, histonemodifying proteins, and transcription factor interactions at the developmental repressor region (؊850) and core promoter of the hepatic tumor marker alpha-fetoprotein (AFP) gene. Both repression of AFP during liver development and silencing in the brain, where AFP is never expressed, are associated with dimethylation of histone H3 lysine 9 (DiMetH3K9) and the presence of heterochromatin protein 1 (HP1). These heterochromatic markers remain localized to AFP during developmental repression but spread to the upstream albumin gene during silencing. Developmentally regulated decreases in levels of acetylated H3 (AcH3K9) and H4 (AcH4) and of di-and trimethylated H3K4 (DiMetH3K4 and TriMetH3K4) occur at both the core promoter and distal repressor regions of AFP. Hepatic expression of AFP correlates with FoxA interaction at the repressor region and the binding of RNA polymerase II and TATA-binding protein to the core promoter. p53 acts as a developmental repressor of AFP in the liver by binding to chromatin, excluding FoxA interaction and targeting mSin3A/HDAC1 to the distal repressor region. p53-null mice exhibit developmentally delayed AFP repression, concomitant with acetylation of H3K9, methylation of H3K4, and loss of DiMetH3K9, mSin3A/ HDAC1, and HP1 interactions.
Regulated alterations of chromatin structure are integral to activation and repression of gene expression. Temporal studies of gene expression and chromatin structure during the cell cycle, in response to hormones, tissue-specific activators, and cellular differentiation, have offered insights into the orchestration of transcription factors, chromatin remodeling complexes, and histone modifiers, which combine to alter chromatin and regulate transcription (1, 13, 20, 30, 55, 58, 62, 65) . The patterns of progressive chromatin alterations and transcription factor interactions can be both gene and signal specific. These parameters, including specific histone modifications, establish a chromatin structure amenable to active transcription or an exclusion of gene expression (59, 64, 67) .
To date, there is considerably less knowledge of changes in chromatin structure that promote repression, versus activation, of ongoing gene expression, especially during mammalian development. Early studies of rat skeletal muscle differentiation in vivo documented a decrease in global levels of acetylated histones from 3 days postpartum (pp) to the age of 1 month (54) . More recently, the essential roles that class II histone deacetylases (HDACs) play in muscle differentiation and the signaling pathways that control their activities have been defined (reviewed in reference 44) . Detailed studies of thymocyte maturation have shown that an ordered process of histone modification occurs: deacetylation of H3K9, loss of H3K4 methylation, and increased H3K9 methylation, concomitant with gene-specific silencing during differentiation (65) .
Active alpha-fetoprotein (AFP) gene expression occurs during the rapid growth and replication periods of fetal hepatic development. After concomitant tissue-specific activation of the highly homologous AFP and albumin (ALB) genes in fetal liver, the expression levels of each are regulated autonomously. As the postnatal liver differentiates and gains full metabolic function, AFP gene activity is repressed to nearly undetectable levels and ALB expression is maintained (reviewed in references 8, 66, and 73) . Renewed AFP expression occurs only when the differentiated liver exits G 0 and enters a program of resumed cellular proliferation, as a consequence of hepatic tumorigenesis, liver regeneration, or tissue damage due to chronic disease (reviewed in references 4 and 63). Reactivation of AFP gene expression in hepatocellular carcinomas is widespread, with 70 to 85% of all hepatocellular carcinoma patients expressing the gene at varying levels (48) , underscoring one role of AFP as a diagnostic tumor marker.
Previously, we showed that the tumor suppressor p53 is a sequence-specific repressor of AFP transcription which binds at Ϫ850 within the identified developmental repressor and represses transcription of chromatin-assembled AFP in vitro (39, 52) . Chromatin immunoprecipitation (ChIP) and expression analyses of developmentally staged wild-type (WT) and p53-null liver tissue, presented here, support the function of p53 as a direct developmental repressor of AFP expression in vivo. These studies suggest a mechanism whereby repressionassociated histone modifications, histone-modifying complexes, and heterochromatin protein 1 (HP1) are targeted specifically to AFP by p53 during hepatic development.
MATERIALS AND METHODS
RT-PCR analysis. Total RNA from C57BL/6J WT and p53 Ϫ/Ϫ mouse liver tissue and Hepa 1-6 cells was extracted with TRIzol reagent (Invitrogen) according to the manufacturer's instructions. cDNA was obtained by reverse transcription of 2 g of RNA using the SuperScript first-strand synthesis system (Invitrogen). Reverse transciption-PCR (RT-PCR) was carried out using primers for AFP, ALB, or Brn-3b simultaneously with GAPDH primers. RT-PCR primers were as follows: AFP (forward primer, 5Ј-CCCACTTCCAGCACTGCCTGCG G-3Ј; reverse primer, 5Ј-GGCTGCAGCAGCCTGAGAGTC-3Ј), Albumin (forward primer, 5Ј-TGTCCGTCAGAGAATGAAGTGC-3Ј; reverse primer, 5Ј-A AGACATCCTTGGCCTCAGCA-3Ј), Brn-3b (forward primer, 5Ј-AGTCTCTC ACGCTGTCACACAA-3Ј; reverse primer, 5Ј-AGAGGCAGAAGAGACAAG AAGG-3Ј), and GAPDH (forward primer, 5Ј-TTCACCACCATGGAGAAGG C-3Ј; reverse primer, 5Ј-GGCATGGACTGTGGTCATGA-3Ј). PCR products were separated on 6% polyacrylamide gels and stained with Sybr Green (Sigma). Multiple dilutions of input cDNA and respective PCR products were analyzed, and results were quantified, by using ImageQuant 5.2 and NIH Image 1.63 software, with comparison to levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
ChIP of solid tissues. Liver and brain tissues from C57BL/6J WT and p53
Ϫ/Ϫ mice were isolated, cross-linked, and processed for ChIP analyses as described previously, with some modifications (71) . Modifications to this protocol included sonication of the cross-linked chromatin with glass beads (Sigma G-1277), followed by digestion with micrococcal nuclease (4 U/l; Worthington Biochemicals) to generate fragments with an average length of less than 400 to 500 bp, as determined empirically by agarose gel electrophoresis of fragmented chromatin samples. The fragmented chromatin lysate was incubated with nonspecific immunoglobulin G (IgG) for 1 h to preclear the lysate. This precleared lysate was incubated overnight with specific antibodies, and protein A-Sepharose beads (preblocked with salmon sperm DNA) were added for a 1-h incubation, followed by recovery of antibody precipitates (6, 7) . Antibodies against the following proteins and residues were added to 20 l of lysate for ChIP: p53 (Ab1 OP03, 15 l; Oncogene), normal sheep IgG (12-369, 5 l; Upstate), acetylated histone H4 (AcH4) (06-860, ChIP grade, 5 l; Upstate), acetylated histone H3 lysine 9 (AcH3K9) (06-942, 5 l; Upstate), dimethylated H3 K4 (DiMetH3K4) (07-030, 5 l; Upstate), DiMetH3K9 (07-212, 5 l; Upstate), trimethylated H3 K4 (TriMetH3K4) (ab8580-50, 5 l; Abcam), H3 (ab1791-100, 10 l; Abcam), FoxA (ab5089-100, 6 l; Abcam), RNA polymerase II phosphoserine 5 (MMS-134R, 2 l; Covance), mSin3A (06-913, 3 l; Upstate), HDAC1 (06-720, 5 l; Upstate), HP1␣ (05-689, 5 l; Upstate), and TFIID/TATA-binding protein (TBP) (sc-273, 30 l; Santa Cruz).
To analyze specific antibody-bound DNA fractions, quantitative PCRs were performed using Taq polymerase (Continental Labs) and primers were generated to detect the AFP SBE/p53RE region of Ϫ887 to Ϫ762 (forward primer, TAAAAAATAAACTCAACTACATATG; reverse primer, GAAAACTTTTAA AACTTCCC), the AFP start site region of Ϫ82 to ϩ94 (forward primer, CAT ATGTTTGCTCACTGAAGGTTAC; reverse prime, CGCAGCGAAATGTAG CAGGAGGA), the ALB enhancer region of 151 bp, 11 kb upstream of the transcription start site (7, 40, 45) (forward primer, GGGACGAGATGTACTT TGTG; reverse primer, GATCAGTCCAAACTTCTTTCTG), and the Brn-3b region from 151 bp 5Ј of the stop codon to 186 bp downstream (46) (forward primer, TCTGGAAGCCTACTTCGCCA; reverse primer, CCGGTTCACAAT CTCTCTGA).
To ensure that the PCRs were in linear range, several serial dilutions of the input DNA and two dilutions of each of the bound DNA fractions were used to quantify products. In addition, 24 to 27 PCR cycles were performed for each bound DNA fraction and input. PCR products were separated on 6% polyacrylamide gels and stained with Sybr Green (Sigma). DNA bands were visualized and quantified by using ImageQuant 5.2 and NIH Image 1.63 software. The percentage of the input that was bound was calculated by dividing the value of the bound fraction by the average of values for the input dilutions in the linear range and multiplying by the respective dilution factor. Additionally, we used an antibody that recognizes the C-terminal tail of histone H3, which is not modification specific, as an internal control and a measure of chromatin recovery for each lysate. Quantifications from multiple individual experiments were taken, and the average values were plotted graphically using Microsoft Excel software. Error bars represent standard deviations.
RESULTS
Chromatin modification during developmental repression of AFP. The time course of developmental regulation of AFP expression in WT and transgenic mouse livers was previously determined by Northern blotting (3, 5, 37) and RNase protection analyses (35) . We chose several time points for RNA analyses by RT-PCR to establish relative AFP expression levels, from 2 days pp to 4 months, for both WT and p53-null mouse liver. The amounts of stable AFP RNA were compared to those of GAPDH RNA, a gene constitutively expressed during liver development (Fig. 1) , at varying numbers of cycles of PCR amplification (data not shown).
Our previous studies showed that the p53 tumor suppressor protein acted as a direct repressor of AFP expression by sequence-specific binding to an overlapping FoxA/p53/Smad binding element (SBE/p53RE), centered at Ϫ850 of the AFP upstream region (39, 52) . Clearly, p53 does not act alone in developmental repression of AFP, but its absence delays the time course of repression, with 1.7-fold-higher expression in p53-null liver than in WT liver at 12 days pp (Fig. 1B) . At 8 days pp, AFP expression is robust and equivalent in both WT and null livers, as well as in cultured mouse Hepa 1-6 hepatoma cells, where AFP is transcribed as a tumor marker gene (16) . Albumin RNA serves as a positive control for a liverspecific gene with nearly constitutive expression during development, following its initial activation shortly after AFP in fetal liver (74, 75) . The tissue-specificity of AFP and albumin expression was affirmed by analysis of RNA from mouse brain tissue and was compared with that of a gene expressed only in developing mid-brain and retinal cells, Brn-3b (51), as a positive control (Fig. 1A) .
In order to assess chromatin structural alterations, which occur during development and in specific tissues, and the transcription factors that regulate and target these changes in chromatin and expression, we performed ChIP analyses of mouse liver and brain tissue at specific times of development. Formaldehyde-cross-linked chromatin fragments were isolated from mouse tissues at 8 days and 2 months after birth and were sheared by sonication and micrococcal nuclease digestion to less than 500 bp. We chose 8-day pp liver as our source of AFP-expressing tissue, because the amount of tissue needed for ChIP analyses is significant (70) , and AFP expression levels at this stage are comparable to those in tumor-derived Hepa 1-6 cells. At the age of 2 months, AFP expression is fully repressed in WT mouse liver.
DNA-associated histones and transcription factors were compared at two specific regions of the AFP gene: the SBE/ p53RE region (Ϫ850) within the previously identified developmental repressor of AFP, which we found is a regulatory center for cooperative p53-and transforming growth factor ␤-mediated repression of AFP (data not shown), and the core promoter surrounding the transcription start site at position ϩ1 of AFP. Antibodies that recognize specific modifications of residues within histone H3 amino tails-AcH3K9, DiMetH3K9, DiMetH3K4, and tetra-acetylated histone H4 (K5, K8, K12, and K16)-were used to precipitate cross-linked chromatin fragments. Multiple analyses were performed for each test antibody, and a titration of the input lysate was used to establish the linear range of PCR detection for each lysate. An antibody that recognizes the C-terminal tail of histone H3, which is not modification specific, was also used to standardize chromatin lysates with regard to protein-chromatin recovery.
Representative data are shown in each figure, along with quantified results of multiple lysates and analyses.
The general paradigms of the "histone code," which holds that histone acetylation is indicative of transcription activation and that H3K9 methylation, concomitant with histone deacetylation, is associated with repression, are illustrated by analysis of the AFP developmental repressor ( Fig. 2A , SBE/p53RE) and core promoter (Fig. 2B , start site) regions. At 8 days of development, histones H3 and H4 are highly acetylated, but they are considerably less so at 2 months, when AFP is fully repressed. Methylation of H3K4 is correlated with active transcription, as well, and decreases with repression. Histone H3K9 cannot be simultaneously acetylated and methylated within an individual histone amino tail, and reciprocal changes in acetylation and methylation of H3K9 occur during developmental repression at both the AFP distal repressor and the core promoter. DiMetH3K9 levels are very low in both chromatin regions at 8 days but are readily detectable at the age of 2 months.
The distribution of histone modifications, both acetylation and methylation, is roughly equivalent between the core promoter and the distal repressor at both times. However, DiMetH3K4 levels showed a greater decrease at the transcription start site region (ϩ1) than at SBE/p53RE (Ϫ850) when AFP was repressed. This modification of histone H3 is frequently, but not always, associated with transcription activation. Modification of H3K4 to create trimethylated H3K4 has been more closely associated with active chromatin within the chick globin locus (58) . We assessed di-and trimethylation of H3K4 during AFP repression, focusing on the core promoter (Fig. 2C) . Active transcription at 8 days pp was correlated with trimethylated H3K4 even more than with DiMetH3K4. Loss of both forms of methylated H3K4 occurred during developmental repression, but TriMetH3K4 decreased more dramatically than DiMetH3K4 (6.9-versus 2.3-fold, respectively), and proportionately more than the increase measured in DiMetH3K9 (2.7-fold). Histone modifications of silenced versus developmentally repressed chromatin. Although AFP expression is undetectable by 2 months of development, AFP chromatin may differ between adult liver tissue, which has a developmental history of expression and the possibility of reactivation during liver regeneration or tumorigenesis, and a tissue source where there is neither a history nor the potential for expression. Brain tissue from mice at the age of 2 months was processed for ChIP analysis of AFP chromatin, as described for liver tissue. We also determined specific histone modifications present at the Brn-3b gene locus, as a control gene actively expressed within brain tissue at this stage of development (Fig. 1) .
Comparison of modifications of histones H3 and H4 within brain tissue shows that patterns of AFP and Brn-3b expression correlate with alterations in histone methylation rather than acetylation (Fig. 3A) . Silenced AFP chromatin has low dimethylation of H3K4 and abundant DiMetH3K9, while Brn-3b chromatin exhibits high levels of DiMetH3K4 and low levels of DiMetH3K9. However, both silenced AFP chromatin and expressed Brn-3b chromatin display relatively low levels of histone H3 and H4 acetylation. The comparable levels of histone acetylation within expressed and silenced chromatin in the brain are unexpected, supporting the existence of tissue-specific and combinatorial patterns of histone modifications at individual genes and the complexity of histone code interpretation.
Developmentally active and silenced chromatin in liver tissue. We performed a reciprocal study, comparing a tissuespecific activated gene (ALB) with a silenced gene (Brn-3b) in 2-month mouse liver tissue, as a control for potential modifications in chromatin due to tissue-specific or aging-related factors. During fetal liver development, AFP and ALB genes are activated at embryonic days 7.5 and 8, respectively (reviewed in references 72 and 76). These highly similar hepatic proteins are thought to perform similar functions, though AFP protein is abundant only in fetal liver. ALB gene expression is driven by a distal enhancer located 11 kb upstream of the transcription start site. Developmentally ordered binding of transcription factors and chromatin structure alterations at the albumin enhancer have been well defined by Zaret and colleagues (7, 40, 45) . We analyzed ALB enhancer chromatin as the functional converse of the AFP repressor.
At 2 months in liver tissue, DiMetH3K9 is present in abundance within silenced Brn-3b chromatin and is nearly absent at the ALB enhancer (Fig. 3B) . Levels of DiMetH3K9 in Brn-3b are six-to eightfold greater than DiMetH3K9 levels in ALB in the liver, proving to be the best indicator of chromatin silencing. DiMetH3K4 is detectable in both active ALB and silenced Brn-3b chromatin, but it is present at higher levels in ALB chromatin. However, DiMetH3K4 is not correlated as tightly with active expression in the liver as in brain tissue. We have not tested whether this is due to regional localization of DiMetH3K4 at upstream distal regulatory regions (ALB enhancer) versus a 3Ј open reading frame (Brn-3b). Locus-wide analyses of ␤-type globin genes support localized concentration of DiMetH3K4 modification within the gene body and core promoter (58) .
There are limited developmental changes in the histone modification states of ALB and Brn-3b between 8 days and 2 months pp in the liver. DiMetH3K9 is nearly undetectable in ALB chromatin at 8 days and remains so in the 2-month pp liver. In a mirror image of the DiMetH3K9 marker, AcH4 levels correlate closely with active ALB expression and remain high throughout development. Abundant AcH3K9 and DiMetH3K4 levels decrease, and AcH4 levels increase, all approximately 30%, at the ALB enhancer, although ALB is constitutively expressed in the adult liver (Fig. 1) . Silenced Brn-3b chromatin exhibits a similar rise in AcH3K9 levels but remains relatively consistent otherwise (Fig. 3B) . Interestingly, recent studies reveal that the capacity for liver regeneration decreases greatly with age (reviewed in references 42 and 69). Whether global or gene-specific chromatin alterations track these and other aging-related changes in the liver is not known.
When the AFP repressor ( Fig. 2A) is compared with the ALB enhancer in 8-day pp liver (Fig. 3B) , where both genes are actively transcribed, there is little difference at the level of histone modifications. Both genes lack significant H3K9 meth- VOL. 25, 2005 p53 TARGETS REPRESSION-ASSOCIATED HISTONE MODIFICATION 2151 ylation, and both have relatively high levels of H3 and H4 acetylation and DiMetH3K4. Major differences between AFP and ALB, which occur from 8 days to 2 months of development, lie in the appearance of abundant methylation of H3K9 and loss of H3K4 methylation at the AFP repressor, concomitant with transcriptional repression of AFP. Developmentally regulated transcription factor interactions at the AFP repressor. The enzymatic complexes mediating histone modifications are targeted by proteins that interact directly or indirectly with DNA, potentially nucleating alterations in chromatin that can serve as platforms for additional chromatin modifiers or cofactors (17, 29, 43) . We investigated whether specific activating and repressing transcription factor interactions occurred at AFP regulatory regions and compared them to those at the ALB enhancer (Fig. 4) . FoxA (HNF-3) is an important mediator of liver-specific gene activation and, as a winged-helix/forkhead family member, may assume a function similar to that of linker histone and position nucleosomes within the ALB enhancer (7, (10) (11) (12) 45) . FoxA has been proposed as a "pioneer transcription factor," which binds its chromatin-assembled regulatory element in fetal liver and generates flanking chromatin accessible to downstream interactions between transcription activators, expressed later in development, and the ALB enhancer. We showed previously that FoxA also activated AFP expression in opposition to p53-mediated repression in vitro. We proposed that mutually exclusive occupation of the AFP developmental repressor (SBE/p53RE, at Ϫ850) by FoxA and p53 was, in part, responsible for their opposing effects on AFP transcription (14, 39) .
We used ChIP analysis of liver tissue to determine FoxA interactions at its binding site within the AFP SBE/p53RE and to test the validity of our in vitro-based model (Fig. 4A) . At 8 days pp, FoxA is present at the ALB enhancer as well as the AFP SBE/p53RE. The presence of FoxA correlates with RNA polymerase II, phosphorylated at Ser5 of the C-terminal domain, binding within the start site region of AFP. This modified form of RNA polymerase II is strongly associated with transcription initiation (15, 60) . FoxA interaction at the AFP repressor element is lost at the age of 2 months, but it is maintained at the ALB enhancer. In the absence of FoxA binding, RNA polymerase II and TBP are no longer bound at the AFP core promoter (Fig. 4) , which correlates with repression of AFP transcription.
Recruitment of chromatin-silencing complexes. AFP chromatin is altered in parallel with transcription repression, exhibiting deacetylation of H3 and H4, methylation of H3K9, and loss of H3K4 methylation (Fig. 2) . We investigated whether protein complexes known to mediate some of these changes in histone modification could be detected at the AFP repressor element and/or at the transcription start site in 2-month postnatal liver. Interestingly, mSin3A, a member of class I HDAC complexes, which include HDAC1 and HDAC2 (reviewed in references 18 and 24) , is detected at the SBE/p53RE but not at the AFP transcription start site (Fig. 4A) , though decreased acetylation is observed at both sites (Fig. 2) . Further support for a biased association of mSin3A with the SBE/p53RE and not the core promoter is provided by analysis of HDAC1 interactions (Fig. 5A ). There is no detectable binding of HDAC1 at either SBE/p53RE or the start site region at 8 days pp, when AFP is highly transcribed and chromatin is acetylated (Fig. 4A  and 5A ). HDAC1 binding occurs at the distal repressor, SBE/ p53RE, when AFP is repressed at 2 months, but is not detectable at the core promoter, confirming the mSin3A distribution. The alterations in histone acetylation found at the AFP start site region may be due to spreading of deacetylation by HDAC complexes targeted along with Sin3A to the distal repressor region (SBE/p53RE) or by deacetylase activity directed to the core promoter by HDAC complexes lacking an mSin3A component. Interestingly, HDAC1 binding to the silenced Brn-3b locus is readily detectable in 8-day pp liver (Fig. 5A ) but is considerably diminished in 2-month liver, coincident with the observed increase in AcH3K9 levels in Brn-3b chromatin (Fig.  3B) . Whether this represents a transient association of HDAC complexes with silenced chromatin in tissues that are still undergoing differentiation, such as the liver at 8 days pp, remains to be determined.
Repressed euchromatin and heterochromatin are composed not only of deacetylated histones but also of methylated H3K9, as we find for developmentally repressed AFP. Chromatin methylated at H3K9 serves as a platform for binding to HP1, which can further interact with histone methyltransferases (HMTs). The process of H3K9 deacetylation by HDACs, methylation by HMTs, and interaction with HP1, followed by additional HMT binding and histone methylation, has been proposed as a means of spreading a heterochromatic structure (reviewed in references 23, 49, and 57). Developmentally repressed AFP chromatin shows substantial levels of HP1 interaction at the SBE/p53RE and transcription start site regions, but active AFP chromatin at 8 days pp does not (Fig. 5A) . In contrast to the spreading of HP1 in heterochromatin, we find that HP1 protein is localized to the repressed AFP gene and is not present at the upstream enhancers of AFP (Fig. 5B) and ALB (Fig. 5A) . Enhancer III of AFP lies approximately 6 kb upstream of SBE/p53RE (Fig. 5D ) and is the most distal of three 5Ј enhancers of AFP expression (5). When present as a FIG. 5 . HP1 associates with the AFP repressor and promoter regions during developmental repression and tissue-specific silencing, but HDAC1 binding is restricted to the developmental repressor. (A to C) Representative PCR analyses of ChIP studies for the association of HDAC1 and HP1 with the developmental repressor (SBE/p53RE) and start site regions of AFP in comparison to Brn-3b. Results of assays of 8-day (A) and 2-month (B) liver tissue and of 2-month brain tissue(C) are shown. Unmodified anti-histone H3 antibody is shown as an internal control for chromatin recovery in each lysate. Binding is quantified (% bound) in comparison to each input lysate; titrations were analyzed separately (data not shown). (D) Bar graph summarizing the developmental changes in H3K9 modifications and HP1 interactions during liver development and in brain tissue at specific regions of the ALB/AFP gene locus: the AFP start site, centered at ϩ1; the SBE/p53RE, centered at Ϫ850; AFP enhancer (enh) III, at Ϫ7 kb; and the enhancer of ALB, at Ϫ11 kb relative to the ALB start site of transcription and approximately 27 kb upstream of AFP enhancer III. Data derived from ChIP analyses for which results are shown here and in Fig. 2 (also data not shown) were compared by calculation of the ratio between average bound protein and average chromatin recovery (percent unmodified histone H3) for each lysate. Averages of these ratios are shown as bars in the bar graph: light gray and dark gray, 8-day and 2-month AcH3K9 levels; light gray gradient and dark gray gradient, 8-day and 2-month diMetH3K9 levels; faceted gray and solid white, 8-day and 2-month HP1 levels; stippled gray, 2-month brain HP1 levels. Data from 2-month liver tissue only are provided for AFP enhancer III.
VOL. 25, 2005 p53 TARGETS REPRESSION-ASSOCIATED HISTONE MODIFICATION 2153 transgene, enhancer III can direct low-level, heterologous gene expression in brain tissue, unlike the downstream, liver-specific enhancers of AFP expression (56) . Transgenic models of expression showed that developmental repression of AFP is independent of these enhancers of gene activation (5) . The lack of both HP1 and methylation of H3K9 at enhancer III, when AFP is developmentally repressed, supports separation of this region from the repressive domain of AFP chromatin. A summary of these data, as well as developmentally regulated and tissue-specific H3K9 modifications and HP1 levels within regions of AFP and ALB chromatin, is presented in Fig. 5D . We asked if permanently silenced chromatin would have larger amounts of associated HP1 protein than repressed chromatin that is established over a time course of development. We compared HP1 levels in silenced Brn-3b to those in developmentally regulated AFP. In both 8-day pp and 2-month liver tissue, Brn-3b chromatin is associated with detectable HP1 protein (Fig. 5A) . HP1 levels decreased approximately twofold over the time course of development for Brn-3b. Contrary to our expectations, levels of HP1 at silenced Brn-3b were somewhat lower than those observed at the repressed AFP locus (2 months). Our determinations included only analysis of HP1␣, and there may be tissue-and developmental-stage-specific differences between HP1 isoforms not apparent in these studies. Specific protein complexes of HP1 isoforms and the Su(var)3-9 HMT, which associate at different chromosomal and subnuclear sites during development, have been identified in Drosophila melanogaster (28) .
In a reciprocal determination using brain tissue, where AFP and ALB are permanently silenced, HP1 was abundant at both gene loci but was absent from actively expressed Brn-3b ( Fig.  5C and D) . There are likely several nonspecific factors that come into play when lysates from two different tissues, such as brain and liver, are compared. However, using an antibody specific for total histone H3 (unmodified C-terminal) as a measure of chromatin recovery, we estimated that HP1 levels at the AFP distal repressor SBE/p53RE were equivalent in the liver and the brain but higher at the silenced AFP core promoter in the brain compared with the liver (Fig. 5D) .
The p53 tumor suppressor protein targets chromatin repression. Mice genetically null for p53 exhibit a delay in repression of AFP expression during liver development, while constitutively expressed ALB and GAPDH genes are unaffected (Fig. 1) . Therefore, there must be compensatory mechanisms for the loss of p53 or additive repressor proteins at work to effect robust repression of AFP during hepatic development. We determined a specific end point for AFP expression in p53-null mouse liver by increasing the number of PCR amplification cycles and the sensitivity of AFP RNA detection (Fig. 6A) . These analyses showed that AFP is transcribed at low levels in both WT and p53-null mice at the age of 1 month. The low level of AFP transcription continues through early adulthood in p53-null mice but ceases before the age of 2 months in the WT. AFP expression is repressed in both p53-null and WT mice within 4 months.
The differences between fully repressed transcription and transcription at a detectable but low level are readily apparent when chromatin structure is analyzed (Fig. 6B) . Sustained expression of AFP in the 2-month p53-null mouse liver is distinguished by distinct differences in chromatin modification and transcription factor interactions from the fully repressed WT. ChIP analyses of p53-null and WT mouse liver chromatin in the region of SBE/p53RE reveal p53-dependent targeting of histone deacetylation and DiMetH3K9, as well as loss of DiMetH3K4. p53-null mice show a fourfold increase in H3K9 acetylation at SBE/p53RE and a concomitant fourfold decrease in H3K9 dimethylation. Both di-and trimethylated H3K4 levels were increased (4.4-and 3.9-fold, respectively) as well. The alterations in histone modifications correlate with loss of mSin3A and HDAC1 interactions in the p53-null mouse liver ( Fig. 6B and C) . Consistent with our model of mutually exclusive binding of p53 and FoxA at their overlapping sites within SBE/p53RE (39) , and the pattern of FoxA binding during development (Fig. 4) , we see sustained FoxA interaction, specifically at SBE/p53RE, in the absence of p53 (Fig. 6C) . A graph summarizing the regulated interactions of transcription factors and repressor proteins emphasizes the inverse relationship between the FoxA transactivator and complexes of repressor proteins, which are targeted to the AFP developmental repressor region during normal hepatic development (Fig.  6D ). p53 is required to establish this pattern of repressor protein binding, FoxA exclusion, and repressive chromatin modification.
DISCUSSION
The functions of the p53 tumor suppressor during development and as a repressor of transcription are relatively poorly understood (reviewed in references 9, 21, and 31). A role for p53 in the regulation of AFP transcription during development is supported by comparison of RNA levels and chromatin modifications in p53-null and WT mouse livers. Previous studies have shown that p53-mediated repression of transcription is correlated with the association of p53 and mSin3A/HDAC1 in response to hypoxic or stress activation of p53 or its forced nuclear localization (32, 36, 47, 77) . Not only can p53-targeted HDAC complexes deacetylate histones, as shown here for AFP during development; they can also alter p53 function by deacetylation of p53 itself, indirectly interfering with p53-dependent transcription activation (41) . These studies, in addition to genome-wide profiling of p53-regulated gene expression (68) , support the function of p53 as a repressor of transcription; however, only a subset of these genes have been identified as direct targets of p53. The observed increase in histone acetylation of AFP chromatin in adult liver, in the absence of p53 expression, is likely due to loss of p53-HDAC interaction in parallel with increased histone acetylase activity, potentially targeted by FoxA.
We find that robust AFP expression in the liver is coincident with the presence of acetylated histones H3 and H4 as well as methylated H3K4. Recruitment of mSin3A/HDAC1, decreases in methylation at H3K4, and acetylation of H4 and H3K9 follow this period of active expression to effect developmentally regulated repression of AFP transcription. Hepatic differentiation is accompanied by decreased cell cycle progression and DNA replication, which precede AFP developmental repression (reviewed in reference 66). Previous studies of DNA replication and cell cycle status in p53-null liver showed a twofold increase in the number of cells undergoing S phase in adult p53-null versus WT liver (22) . The increase in replication levels, combined with loss of p53-targeted HDACs and increased acetylation of H3K9, may contribute to depletion of methylated histones and decreased DiMetH3K9 levels in p53-null liver. Decreased Suv39h activity in cycling versus differentiated cells, as suggested by studies of Suv39h-depleted muscle cells, may also contribute to a specific loss of DiMetH3K9 relative to MetH3K4 (2) .
Previous work showing interactions of transcription factors, KRAB/KAP-1 proteins, and tumor suppressor Rb with HMT enzymes and HP1 established that methylated H3K9 and HP1 proteins were involved in targeted repression of euchromatic genes in addition to heterochromatic silencing (50, 61) . Similarly, we find a p53-dependent association between DiMetH3K9 and HP1 at AFP chromatin during developmental repression in vivo. DiMetH3K9 and HP1 association and repression of transcription do not spread to the distal enhancer of AFP or to the highly homologous, but constitutively expressed, ALB gene, which lies upstream of AFP. The considerable homology between the ALB and AFP genes, which arose by duplication from a common precursor and exhibit more than 30% primary sequence identity within their coding regions (27) , does not extend to the AFP repressor region. This lends further support to localized targeting of HP1 by p53-mediated enrichment of DiMetH3K9 within AFP chromatin, and lack of heterochromatic spreading throughout the gene locus. Recently, a pathway of heterochromatin silencing, which is nucleated by ATF/CREB family members binding to their sequence-specific binding elements, was defined (34) . In contrast with repression of euchromatin targeted by p53, Rb, or KRAB/KAP1, this transcription factor-dependent means of silencing the mating-type locus of Schizosaccharomyces pombe induced heterochromatin formation and spreading, like the parallel RNA interference-dependent mechanism.
We compared histone modifications and HP1 association during developmental repression with silencing of AFP in a nonexpressing tissue. Unlike the situation in developmental repression, HP1 protein was abundant at both the AFP and ALB gene loci in brain tissue. The relative levels of HP1 interaction at the AFP core promoter were higher in the brain but did not differ between the liver and brain at the distal repressor region. Interestingly, sites at nucleotide ϩ3 and the first intronic region of the AFP gene exhibit increased CpG methylation during developmental repression in the liver and silenced expression in fibroblasts (38, 53) . DNA methylation and H3K9 methylation have been linked with HP1 in chromatin silencing (reviewed in references 19, 23, 26, and 33) , and more recently a direct association between enzymes that methylate DNA and HP1␤ protein has been reported (25) .
Our analyses of p53-null mice reveal that relatively small differences in transcription levels are marked by more obvious distinctions in chromatin modifications and bound transcription factors. As ChIP analyses of solid tissues develop, and analytical systems become more sensitive, their use in early detection of changes in tumor marker gene regulation may be more direct than assays of RNA or protein levels, which are also altered by posttranscriptional and posttranslational mechanisms. The DiMetH3K9 histone modification, which is abundant in silenced AFP chromatin within brain tissue and is easily detected in developmentally repressed AFP chromatin in WT liver tissue, may be especially useful in establishing a normal
